This article appeared in a journal published by Elsevier. The attached copy is furnished to the author for internal non-commercial research and education use, including for instruction at the authors institution and sharing with colleagues.
Introduction
In the field of Water Resources Planning and Management, managed aquifer recharge (MAR) is becoming an important solution for mitigating water scarcity related problems in arid and semi-arid areas. MAR has been practiced throughout the world for the recovery of groundwater levels, improvement of groundwater quality, storage of surface water in the sub-surface, and as a barrier to salinity intrusion. Depending on the water source, water quality, geology, surface conditions, soils, and hydrogeology, a variety of methods have been developed to recharge groundwater (Bouwer, 2002) . The spreading basin technique (infiltration) is widely practiced and is useful in areas with high land availability, highly permeable soil, and where the hydrogeology allows for infiltration to an unconfined aquifer (Ghayoumian et al., 2005) . Other MAR techniques employing injection wells require less area but a better quality of source water due to the fact that the water is directly injected into the aquifer without taking advantage of natural attenuation processes within the vadose zone. The interdependency of the water quality, MAR location, and technology makes project planning multifaceted and complex.
Many factors need to be considered during the site selection process for MAR projects. Complex regional characteristics, heterogeneities in surface and/or subsurface characteristics, and variable groundwater qualities make site selection for MAR difficult (Anbazhagan et al., 2005) . Apart from these hydrogeological considerations, other factors such as political and social factors are important in the decision-making process. National and international water policies, natural conservation regulations, environmental impact assessments, and socio-economic considerations make the site selection procedure complex. Complexity increases when MAR project managers are from different disciplinary backgrounds; this may often lead to disagreements concerning which criteria to give more weight in the decision-making process. These conflicts always need to be dealt before the MAR project is implemented. GIS and the traditional Decision Support Systems (DSS) alone do not effectively facilitate the implementation of MAR project parameters, which are equally based on complex decision criteria and spatial information (Jun, 2000) . GIS based analysis methods are poor in dealing with uncertainty, risks, and potential conflicts; therefore, there is a large possibility of losing important information, which in turn may lead to a poor decision (Bailey et al., 2003) . Multi-Criteria Decision Analysis (MCDA) integrated into GIS (SMCDA) provide adequate solution procedures to this problem because the analysis of potential MAR projects may be done more comprehensively and at a lower cost. Variable project sites, risks, MAR techniques, policies, and limits in geological as well as social, environmental, and political realms can easily be considered by the Spatial Multi-Criteria Decision Analysis (SMCDA) approach (Calijuri et al., 2004) .
MCDA is helpful in identifying priorities for a given MAR project (Gomes and Lins, 2002) . The integration of MCDA techniques with GIS has considerably advanced the traditional map overlay approaches for site suitability analysis (e.g. Malczewski, 1996; Eastman, 1997) . MCDA procedures utilize geographical data, consider the user's preferences, manipulate data, and set preferences according to specified decision rules (Malczewski, 2004) . The advantage of integrating GIS with MCDA has been elaborated by many authors (e.g. Malczewski, 1996; Jun, 2000; Gomes and Lins, 2002; Sharifi and Retsios, 2004) . According to Malczewski (2004) , the two critical considerations for SMCDA are: (i) the GIS capabilities of data acquisition, storage, retrieval, manipulation, and analysis; and (ii) the MCDA capabilities for combining the geographical data and the manager's preference into unidimensional values of alternative decisions. A number of methodologies have already been developed for SMCDA in different fields of science and engineering to select the best alternatives from a set of competing options (e.g. Sharifi et al., 2006; Zucca et al., 2007) .
The overlay MCDA plays an important role in many GIS applications. Boolean logic and Weighted Linear Combination (WLC) are the most popular decision rules in GIS (e.g. Eastman, 1997; Malczewski and Rinner, 2005) and both can be generalized within the scope of Ordered Weighted Averaging (OWA) (e.g. Malczewski and Rinner, 2005; Malczewski, 2006) . In OWA, a number of decision strategy maps can be generated by changing the ordered weights. Several OWA applications have been implemented already (e.g. Rinner and Malczewski, 2002; Calijuri et al., 2004; Malczewski et al., 2003; Malczewski, 2006) . The Analytical Hierarchy Process (AHP), proposed by Saaty (1980) , is another wellknown procedure. This procedure is important for spatial decision problems with a large number of criteria (Eastman et al., 1993) . AHP can be used to combine the priorities for all levels of a "criteria tree," including the level representing criteria. In this case, a relatively small number of criteria can be evaluated (Jankowski and Richard, 1994; Boroushaki and Malczewski, 2008) . The combination of AHP with WLC and/or OWA can provide a more effective and robust MCDA tool for spatial decision problems. Boroushaki and Malczewski (2008) implemented AHP-OWA operators using fuzzy linguistic quantifiers in the GIS environment, which has been proven to be effective.
An intensive review of the respective literature has indicated that the modern and updated analysis techniques as GIS and MCDA have not been well investigated and compiled in the field of MAR site selection (see the following section for details). In this respect, a structured, non-site specific and flexible decision analysis tool has been developed. In this study, a methodology has been settled up to support the identification of suitable sites by combining modern spatial multi-criteria analysis techniques with decision analysis methods. As consequence, a new tool has been developed to offer the following:
A comprehensive framework consisting of AHP, WLC, and OWA analysis techniques for spatial multi criteria analysis for MAR site selection. A wide range of flexibility and preferences for criteria selection, standardization, and weighting. An interactive user interface, which offers the standard techniques and leads the user systematically to complete the site selection process.
This paper includes a review on MAR site selection techniques and may be read at any time as needed for reference purposes (section 2). Section 3 is a description of SMCDA for site suitability analysis and also information on how AHP, suitability mapping, and weighting are involved in the analysis. A brief description on possible sensitivity analysis is done the presentation of a GIS Based Site Suitability Analysis Tool in Section 4. This section together with Section 3 provides distinctive information to MAR site selection. The two sections together are considered to embody the core objective of this paper, which is to explain the development and functionality of a new SMCDA tool for MAR site selection. Section 5 presents the concepts described in Sections 3 and 4 as applied in the field. The case study presented in Section 5 refers to a MAR site selection. It has been developed on the Querenca-Silves aquifer system in Portugal. Section 6 provides a summary of conclusions and recommendations in the scope of future applications and further developments.
The state-of-the-art: MAR site selection techniques
Only very few studies exist which focus on site selection procedures for Managed Aquifer Recharge (MAR). Respectively, the following three sections differentiate data types (section 2.1), present data processing via GIS (section 2.2), and give reference to the steps involved in site suitability analysis methods (section 2.3) for example, screening of sites, criteria hierarchy and standardization, criteria weighting, overlay, and sensitivity analysis. The three parts of this chapter are intended to serve as a reference for the basic methods which have been integrated into the SMCDA tool for site suitability analysis of MAR.
Data types
For MAR site selection, different types of data are required. Considerations for data type selection derive from data availability and the objective of the analysis as dependent on each data type. Geological maps, geomorphologic maps, lineament maps (e.g. Saraf and Choudhury, 1998; Jothiprakash et al., 2003; Reddy and Pratap, 2006) , slope, infiltration rate (e.g. Ghayoumian et al., 2005; Werz et al., 2009) , lineament density, structure, fluvial and denudational geomorphology (e.g. Anbazhagan et al., 2005; Shankar and Mohan, 2005; Chowdhury et al., 2010,) , soil texture (e.g. Kalantari et al., 2010; Jothiprakash et al., 2003) , and land use (e.g. Brown et al., 2008; Reddy and Pratap, 2006; Ghayoumian et al., 2007) have been used to provide detailed quantification of surface characteristics. Infiltration rate, transmissivity (e.g. Ghayoumian et al., 2005; Brown et al., 2008) , borehole recharge capacity, borehole abstraction capacity, and recharge retention time (Anderson et al., 2005) , have been used to quantify subsurface characteristics. Groundwater quality data is usually not paid any attention as being important for site selection (Brown et al., 2008; Ghayoumian et al., 2007; Chowdhury et al., 2010) , although it should be due to the nature of MAR as being often involved with water storage and recovery. In addition to surface and sub-surface characteristics, Brown et al. (2008) considered ecological status, road density, power lines, proximity to a water source, and groundwater pollution among other parameters. Wood (1980) considered the possibility of aquifer plugging. Legal aspects together with cost-benefit analyses should also rank among important considerations (O'Hare, 1986) . A comprehensive combination of all of these input considerations, however, is absent from the literature of MAR project site characterization.
Data processing
The quantity of spatial data needed to collect, integrate and analyze for MAR project site evaluation is very large and the application of traditional data processing methods for site selection can be very complex and tedious (Anbazhagan et al., 2005) . In groundwater management studies, land use suitability mapping and other geographical research, GIS and remote sensing technology have been used separately or in combination to process, integrate, and analyze spatial data (e.g. Krishnamurthy et al., 1996) . Use of GIS and remote sensing is also commonly used for MAR site selection studies (e.g. Saraf and Choudhury, 1998; Brown et al., 2008; Ghayoumian et al., 2007; Werz et al., 2009 ). Anderson et al. (2005) used the mathematical functions implemented in GIS together with spatial analysis operations to calculate retention time and recharge capacity of an aquifer over a wide spatial distribution.
Site suitability analysis methods
In general, the site suitability analysis follows the path: screening of feasible areas / classification of thematic layers / weighting of the criteria / overlaying.
Only few studies have concentrated on screening-out the areas where MAR is actually non-feasible (e.g. Anane et al., 2008; Brown et al., 2008; Ghayoumian et al., 2007) . Boolean logic is usually used to demarcate feasible and non-feasible areas. Studies mostly concentrate on classifying maps according to relative importance. Each thematic map is classified according to importance of the respectively represented parameters. Linguistic classifiers, such as very good, good, suitable, etc. (e.g. Jothiprakash et al., 2003; Ghayoumian et al., 2005) and value type classifiers such as class 1 to class 4 are implemented in these studies (e.g. Ghayoumian et al., 2007) .
Step-wise functions are used in different studies in order to standardize thematic maps for aggregation. Ghayoumian et al. (2007) uses membership functions for map standardization. No linear or piece-wise linear function is used in any study for MAR site selection.
Weighting of each criterion is an important factor for spatial multi-criteria analysis. Direct weighting after consultation with experts has mostly been used (e.g. Saraf and Choudhury, 1998; Brown et al., 2008) . The Analytical Hierarchy Process (AHP), introduced by Saaty (1980) , has been recently used by Chowdhury et al. (2010) . The advantage of AHP in site selection or spatial multi-criteria analysis is well established (e.g. Jun, 2000; Sharifi et al., 2006) and is therefore implemented in the new tool presented in this report (see section 3.3 B).
The most important step for site selection is map overlay. Conventional overlay methods (e.g. Weighted Linear Combination (WLC)) have been practiced in most of the studies for MAR site selection (e.g. Saraf and Choudhury, 1998) . Kallali et al. (2007) used Boolean logic for combining maps. Normal successive intersection of the thematic maps has been used, too (e.g. Jothiprakash et al., 2003) . The Ordered Weighted Averaging (OWA) method has not been implemented in any study. It is important to note that combination of AHP-WLC or AHP-OWA has yet to be implemented and is thus presented for the first time in this report (see Chapter 3). Ghayoumian et al. (2005) briefly mentioned the integration of DSS and GIS for MAR site selection, but no special considerations for DSS decision rules or technological descriptions were provided. A spatial knowledge-based decision analysis system for pond site selection has been reported by Shrier et al. (2008) . The authors coupled spreadsheet software that facilitates rule processing, with GIS to display spatial data.
Site suitability analysis for MAR is like most other site suitability analyses, but the methods which are best applied are being applied in a unique combination. The advantage of SMCDA has not been properly and fully utilized in this field. This report presents all the data types and data processing techniques needed for MAR site assessment as well as the familiar yet unique procedure to do so. Also, MAR is a developing field but also has a long and fragmented history. This report is a breakthrough for the field of MAR in the respect that state-of-the art analysis techniques are being compiled and applied in this field and finally more work is being done to ensure the continued implementation of MAR with decreased uncertainty, as demonstrated in the entirety of this paper. This report presents for the first time an interactive non-site specific decision tool for MAR site selection.
The spatial multi-criteria decision support method for site suitability analysis
The overall methodology of the new site selection tool is shown in Fig. 1 . This flowchart shows the main decision steps which are implemented for spatial analysis. In general, the entire process involves three main steps: (a) constraint mapping, (b) suitability mapping, and (c) sensitivity analysis. After preparing the constraint map, AHP is combined with WLC and OWA for the suitability mapping, which is based on standardized subcriteria. The function of AHP is threefold: (1) developing the hierarchy after the selection of criteria (2) doing a pair-wise comparison to assess criteria importance and (3) undergoing construction of the overall composite weight (global weight). Afterward, WLC or OWA operators are used for the final suitability map. These steps, following the MAR problem statement, are described in greater depth below:
Problem statement
In water resources management, MAR has proven to be an effective response to water scarcity problems. MAR is helpful for the recovery of groundwater levels, the improvement of groundwater quality, and for storage of water and as a barrier against salinity intrusion. The selection of suitable locations for MAR implementation based on proper technologies is one of the primary requirements.
Constraint mapping
The main objective of constraint mapping is to screen out a large number of alternatives which have been deemed as being non-feasible. This step helps the user to avoid conflicts in decision-making. The sites which are of prime interest to other planning projects or which are simply not available or completely non-feasible for MAR implementation are screened out in this step. A conjunctive screening approach was chosen for constraint mapping. Under conjunctive screening, an alternative is accepted if it meets specified thresholds for all evaluation criteria. Fig. 2 shows the general procedure for constraint mapping. The developed constraint map serves as a mask for suitability mapping.
Suitability mapping (A) Choice of criteria and sub-criteria
In this step, all relevant surface, subsurface, and regional characteristics are selected. Each characteristic is defined as a subcriterion. The sub-criteria are grouped under the main criteria. The combined main criteria are the "suitability map," which is the goal of the SMCDA.
(B) Hierarchy of criteria and sub-criteria
The role of AHP begins at this step. This step involves the decomposition of the ultimate goal into a three-level hierarchy consisting of sub-criteria of the goal. The top of the hierarchy is the goal of the analysis/problem. The middle level contains more specific criteria with regards to the objective and the bottom level refers to the most specific criteria. The sub-criteria in the lowest level are related to the main criteria in the middle level, while the top level relates to the "suitability map" (see Fig. 12 ). The sub-criteria are represented by thematic maps or attributes. The tool's user-interface allows the user to construct the hierarchy or "criteria tree."
(C) Standardization of sub-criteria maps
Each sub-criterion in the criteria tree is represented by a map of different types such as a classified map (e.g. land use) or a value map (e.g. slope, infiltration). For decision analysis, the values and classes of all the maps should be converted to a common scale to reduce the dimensionality. Such conversion is called standardization (Sharifi and Retsios, 2004) . Different standardization methods may be applied to different maps. This model offers linear, piecewise linear, and step functions for standardization. The outcome of the function is always a value between 0 and 1. The function is chosen in such a way that cells in a map that are highly suitable for achieving the goal obtain high standardized values and less suitable grids obtain low values.
(D) Relative weights of criteria and sub-criteria
The next step in the site selection procedure is assigning values of importance for all criteria and sub-criteria, which is done by assigning a weight to each criterion. Different weighting methods are available. Pair-wise comparison and direct weighting are used here. The sub-criteria under each main criterion are compared amongst themselves and a weight is assigned to each one. The main criteria are also evaluated in this way.
(E) Combination of criteria and sub-criteria maps
After standardization and weighting, the next step is to obtain the overall suitability index of each alternative. The index value is given to the cells of the map. Overlay methods available are WLC and OWA with fuzzy linguistic quantifiers. WLC is the most simple and the most commonly used aggregation method in spatial analysis (Eastman et al., 1993) . 
OWA is a class of multicriteria combination operators, involving two sets of criteria weights, which are "criteria importance weight" and "ordered weight" (Yager, 1988) . The concept of fuzzy linguistic quantifiers, introduced by Zadeh (1983), allows the conversion of natural language statements into proper mathematical formulation (Munda, 1995) . In this study, the regular increasing monotone quantifier class was considered. Given the criteria weights, w i , the quantifier-guided OWA can be defined as follows (Boroushaki and Malczewski, 2008) :
OWA allows for a high degree of input variability and for the trade-off of importance among input variables ( Fig. 3) . When a ¼ 0 (linguistic quantifier categorized as "at least one criterion satisfies"), the result yields no trade-off and full ORness; when a ¼ N (linguistic quantifier categorized as "all criteria satisfy"), the result yields no trade-off and full ANDness. Using a value between 0 to N, yields a range of MCE operators in the decision strategy space. When a ¼ 1 (linguistic quantifier is categorized as "half of the criteria satisfy"), the results yields the full trade-off (WLC) (Fig. 3) .
The detailed description of AHP combination with OWA is given by Boroushaki and Malczewski (2008) .
Sensitivity analysis
A sensitivity analysis may be undertaken by the user in order to study the robustness of the suitability map with respect to the linguistic quantifier (a). The new SMCDA tool also permits assessment of site suitability as respective to the influence of the application of different weighting schemes and standardization. In this respect, sensitivity analyses are useful where uncertainty exists in the construction of hierarchy and in the assignment of relative importance (Store and Kangas, 2001) .
GIS based site suitability analysis tool

Overall system framework
The site suitability analysis tool extension is tightly integrated in the ArcMap environment. This instrument is developed as an ArcMap extension, using ArcObjects and VB.Net. ArcObjects is a developer kit for ArcGIS based on Component Object Model (COM). This solution considerably extends the functionalities of ArcMap by implementing the MCDA within the GIS environment by allowing the developer to combine the advantages given by the user interface controls available in the .Net framework with the GIS functionality included with ArcGIS (ESRI). The advantages of customized components by using a COM-Compliant environment such as Visual Studio 2005 are: (1) a wider range of functionalities can be integrated into customization, (2) codes are not accessible by the user, (3) all aspects of ArcGIS application can be used further, extended, and customized, (4) the customization can be easily supplied to the client machines (ESRI, 2004; Boroushaki and Malczewski, 2008) . Fig. 4 shows the overall system development.
The model has been incorporated into the table of contents of ArcGIS as the "Site Selection" option. By activating the tab, the user can access the main steps of the site selection instruments: "Constraint Mapping," "Site Suitability Mapping," and "Site Ranking." Further options related to each main step (Fig. 5 ) derive from this one.
The supporting database structure is an ArcGIS Personal Geodatabase (ESRI). The geodatabase can store, beside the geographical data, data behavior rules such as domains, relationship classes, and custom behavior. The geodatabase management module is composed of two sections: (i) Data Input/Output and (ii) Spatial/ Time dependent query and visualization. The geodatabase management module focuses on designing the user screens, so these match the different sections of the data model. This component includes the following subcomponents:
Data access subcomponent, which contains functions for database connection, data reading, and database update. Data model objects, which are used for storing the data in memory while the application is running. These data model Fig. 3 . The decision strategy space showing relation between trade-off and risk, n is the number of criteria (modified after Eastman, 2000; Malczewski, 2006) . objects abstract the feature classes and the tables in the geodatabase and mimic the relationships between them. Interface components, which include the user screens that provide user access to the data stored in the data model objects. The user can input data through a list of standard user interface controls, such as text boxes, combo boxes, data grids, etc.
The personal geodatabase format was considered suitable for the scale of the current application; however, the format can be easily upgraded for further developments to an ArcSDE (ESRI) geodatabase. The ArcSDE allows connecting ArcGIS and the Site Suitability Analysis Tool interface to future database versions developed using other Spatial Relational Database Management System (RDBMS) software like Oracle, SQLServer, IBM-DB2, and others.
Site suitability mapping
This first step offers default criteria for choosing and selecting the corresponding raster map to generate a constraint map. The default constraint criteria have been selected after a close discussion within a consortium consisting of a number of international experts from different organisations (e.g. LNEC e National Laboratory for Civil Engineering, Portugal; University of Liege, Belgium; EWRE e Environmental & Water Resources Engineering Limited, Israel; University of Nottingham, UK; PHG e Palestine Hydrology Group, Palestine; GeohidroConsult, Romania; University of Goettingen, Germany, etc.). Moreover, new constraint criteria may be added by the user (Fig. 6 ). Both value type and class type map can be handled by the system. The user defines the threshold value for value type criteria and to each class of the class type map; the user may assign a zero for a non-potential area or a one for a potential area. The system then creates a constraint map of each sub-criteria separately. Afterwards, the maps may be overlain and one constraint map may be prepared with Boolean logic. The constraint maps are added to the ArcGIS document and can be used for further analysis.
Site suitability mapping starts with the preparation of a hierarchical structure, which is performed by selecting criteria and subcriteria for each level. The user selects the criteria from the default list. The default criteria are prepared, considering all relevant characteristics that should be included for the spatial analysis. Special care has been given to avoid any duplication of the criteria/ sub-criteria. New criteria or sub-criteria can also be easily added via the user-interface. The user can visualize the hierarchical structure and edit for presentation and reporting purposes. The standardization process follows the building of hierarchy. The user selects the criteria, the constraint map, the threshold values, and the preferred standardization function. For a better visualization, the converted function is drawn graphically in the interface (Fig. 7) . The overlay command of the criteria tree proceeds to the step of weighting and overlay. The system offers the pair-wise comparison and the direct weighting methods. The weights of each criterion in each level can be given directly or can be generated by the pair-wise comparison method. In the pair-wise comparison method, the user can input preferred values using a scale bar. The weights are generated using the specified formula by Saaty (1980) .
After finishing the weighting procedure, the user reaches the final steps of the site suitability mapping (Fig. 8) . The user chooses an overlay procedure, either WLC or OWA. In the OWA procedure, the linguistic quantifiers are assigned to each level of overlay. The resulting map is then created and shown in ArcGIS format. The role of the AHP function is the construction of a criteria tree as well as to calculate the relative weights of the criteria and of the subcriteria by pair-wise comparison. After applying the AHP, the WLC or OWA are used. WLC computes the overall suitability for each alternative or cells using the standardized map, weights, and constraint map. OWA produces the suitability maps by specifying the linguistic quantifier (a set of ordered weights are generated, which are related to a; the generated values for each alternative are combined).
By changing the weights of each overlay method and of the linguistic quantifier associated with the objectives and attributes for OWA, a wide range of decision scenarios can be generated and the corresponding map layers are added to the map document. This helps to check the sensitivity of the system with changing weights and linguistic quantifiers.
Areas on the suitability map can be classified as very good, good, moderate, poor, and bad. The system offers five different colours for the five classes (Fig. 8) , taking into account the colour code for ecological status classification proposed by the Water Framework Directive (WFD) (Water Framework Directive, 2003) . The user has the opportunity to change the range of class manually.
The third step is a spatial analysis of the optimal MAR locations with respect to water source locations. In a user-defined buffer zone spatial query, the most favorable MAR locations based on proximity to water source are chosen. The result is a raster map, which shows the optimal MAR locations that satisfy the user chosen distance to proximal potential sources of water.
A case study
Problem description
Due to the geographical location, the Algarve region in southern Portugal is prone for experiencing droughts, and the region has been affected by many droughts over the last few decades. The hydrological year of 2004/2005 was extremely dry in the entire Portuguese mainland and especially in the Algarve region. The drought caused severe problems, considering the availability of water resources. Surface water reservoirs reached volumes that were below acceptable levels, and the Querença-Silves aquifer system was over-exploited (Fig. 9) . The Querença -Silves aquifer system was a major source of drinking water to the urban areas within the Algarve region, during the 90's. Today the Funcho Dam is -Ferreira and Oliveira, 2007) . MAR is considered as a potential strategy to store water during the wet years and use it during dry years. The overall planning and management of MAR consists of: selection of water source, location of infiltration basin, and location for recovery of the infiltrated water. This study focuses on suitability mapping for the implementation of infiltration ponds for aquifer recharge.
General characteristics of the test site
The Querença-Silves Aquifer System is a 318 km 2 aquifer system, the largest of the Algarve, located in the municipalities of Silves, Loulé, Lagoa and Albufeira (Central Algarve). The aquifer is mainly composed by karstified Lower Jurassic (Lias-Dogger) dolomite structures. The southwestern part of the aquifer is mainly unconfined. The general groundwater flow direction is from Northeast to Southwest. According to the characterization of the Querença-Silves aquifer system (Almeida et al., 2000) , the hydraulic parameters are heterogeneous and aquifer productivity values are high. The transmissivity values range between 83 and 30,000 m 2 /day and the storage coefficient ranges from 5 Â 10 À3 to 3 Â 10 À2 . INAG (2001) presents the recharge value as being 220 AE 54 mm/year. This represents a percentage of precipitation of around 40 AE 10%. Monteiro (2005) obtained an average recharge of 292.5 mm/year. These are average values using the average precipitation values in the area, therefore when the precipitation is much smaller (e.g. the hydrological year of 2004/2005, when precipitation was more than half the average) the recharge is also much lower.
Analyzing 69 wells of the aquifer for the year 2002, a withdrawal rate of 19.5 mm/year was computed as being possible to meet the water demand of Silves, Lagoa, Albufeira and Loulé. This value was higher during the drought years of 2004e2005.
In this study, only the southwestern part of the Querença-Silves Aquifer is being taken into account due to geology and aquifer properties. The groundwater catchment area is 114 km 2 . For analysis purposes, the study area has been divided into four zones (Fig. 9 ), according to the residence time of groundwater in the aquifer. These are: Zone I (residence time is less than 6 months), Zone II (residence time is 6 months to 1 year), Zone III (residence time is 1 year to 3 years) and Zone IV (residence time is greater than 3 years). These zones are overlain in each constraint and suitability map so as to assess suitable MAR sites according to the residence time zonation. Results of GIS analysis and of groundwater modeling have been used as spatial input information for MAR site selection procedure.
Selection of criteria for spatial analysis
After discussion with local and international experts and institutions and under the prevailing site characteristics and study objectives, two different sets of criteria were selected: a) criteria for constraint mapping and b) criteria for suitability mapping. Some important criteria were selected for both cases after analyzing their importance and relevance. Table 1 lists the selected criteria for constraint and suitability mapping, showing the relevance and the usefulness of each criterion for MAR site suitability mapping.
Constraint mapping
In order to screen out the non-feasible areas, constraint mapping was undertaken at an early stage. Table 2 shows the list of criteria and their threshold values for screening. For the land use map, land class feasibility was defined separately (Table 3) . The threshold values for each constraint criteria are chosen so that criteria values or classes should satisfy the minimum requirement of MAR implementation such as the infiltration basin construction, the water quality improvement by using unsaturated zone, the aquifer storage capacity and others. For example, the used threshold value for the residence time of 6 months, as mentioned by most of the international standard guidelines for MAR (CDPH, 2008; NRMMC, EPHC, NHMRC, 2009) suggest to keep the water in the aquifer at least 6 months for water quality improvement.
After defining the threshold values for each criterion, the thematic map of each constraint criterion has been converted to a constraint map. Fig. 10 shows the thematic map of slope and the converted constraint map. All the converted thematic maps were overlain by conjunctive screening to achieve the final constraint map (Fig. 11 ). This constraint map was used later as a mask for suitability mapping.
Suitability mapping
After analyzing all available data and site characteristics, subcriteria were selected according to their characteristics, and the main hierarchical structure was prepared (Fig. 12) . The sub-criteria, or thematic layers, were standardized. Three value functions, such as linear, piece-wise linear, and step-wise linear functions were used for this approach (Fig. 13) .
The importance of each sub-criterion has been calculated using pair-wise comparisons and this is shown in Fig. 12 . Infiltration rate of the soil, residence time of groundwater, and depth to groundwater were given highest priority in the analysis. Groundwater quality was a low priority criterion because of low variability of groundwater quality over the entire area. The weighted criteria were then overlaid by two state-of-the-art overlay procedures: WLC and OWA. Fig. 15 shows the suitable sites for MAR in the region using the WLC method. Fig. 16 shows suitability maps using the OWA procedure. The map shows the suitable places under the following decision condition: "half" of the important criteria are satisfied by an acceptable alternative. According to the definition of the OWA, when a ¼ 1, the output should comply with the WLC output.
Sensitivity analysis
A sensitivity analysis was done which indicates a significant change in site suitability based on changes in risk acceptance of Table 1 List of criteria chosen for constraint mapping and suitability mapping and their relevance to MAR site selection.
Criteria
In the model, used for Description The residence time of the infiltrated water in the aquifer should be sufficient to be able to use the aquifer as water transfer and recovery system. the decision maker (see details in Fig. 3 ). In this way, different decision maker's attitudes may be simulated and considered in the MAR planning process, contributing to the integrated management of water resources. A sensitivity analysis has been performed to demonstrate the effect of the decision rules on the site selection procedure. Given the standardized map and corresponding criterion weight, we have chosen four fuzzy linguistic quantifiers: at least a few (a ¼ 0.1), a few (a ¼ 0.5), most (a ¼ 2) and almost all (a ¼ 10). The corresponding OWA maps are shown in Fig. 17 .
Results and discussion
The constraint map (Fig. 11 ) generated by the Boolean logic overlay method shows that only 11.2% of the total study area is feasible for construction of infiltration ponds to recharge groundwater. Land use and infiltration capacity of the soil are the main constraints for the potential site selection. Most of the potential sites are located in Zone 4, which is characterized by a higher groundwater residence time. The overall suitability map shows the relative ranking of the potential sites, generated by constraint mapping, according to the criteria importance. The suitability scores indicate the relative site ranking alternative to construct an infiltration basin. High suitability scores indicate the site is highly suitable for MAR. It is evident from the suitability analysis ( Fig. 14) that considering only surface characteristics, the study area offers just few adequate locations for the implementation of infiltration basins. In contrast to that, the study shows good suitability for aquifer recharge with regards to the generally feasible areas, considering the prevailing underground characteristics. According to the overall suitability score (Figs. 15 and 16) 1% of the total aquifer is very good (suitability score 80e100), 3.2% is good (suitability score 60e80), 6.4% is moderate (suitability score 40e60), and 0.6% is poor for MAR. The rest 88.8% of the aquifer surface is not suitable at all due to the constraints of MAR implementation. The most suitable areas are situated on agricultural land which have high infiltration capacity soil (infiltration rate ranges between 2.7m/d and 5m/d) with very flat topography (slope is about 0%), and which do not require additional excavation efforts. The groundwater table under the agricultural land is at about 70 m below the land surface, which provides a sufficient unsaturated zone thickness to assure the Fig. 13 . Procedure for criteria standardization used in this study (range indicates the limit of the criteria value present in the study area). water quality improvement. The groundwater quality is moderate at the high suitability scores places. Since the regional groundwater flow direction is northeast to southwest, the infiltrated water may be easily transferred downstream from the highly suitable area to the northeastern part of the study area by using the natural groundwater flow. The water may then be pumped in Zones 1 and 2 where drinking water pumping wells are already installed. The distance to the Arade Dam, the potential water source for MAR, is at about 8.5 km distance from the highly suitable areas. This distance may incur extra water transportation costs. An approximately 27 ha area is categorized as "Good" which is at only 3 km distance from the Arade Dam. The groundwater is at about 60 m depth and its quality is moderate. In this location the infiltration rate is relatively low. In this area a comparative study and a pilot experiment is desirable in order to make the final decision of using an infiltration basin. Fig. 16 . Site suitability map using Ordered Weighting Average (OWA) method, a ¼ 1 decision rule. The assigned a value corresponds to each level of the hierarchy. The sensitivity analysis indicates a change in site suitability due to varying risk acceptance of the decision maker (Fig. 3 ). In this way, different decision makers' attitudes have been simulated and may be considered in the MAR planning process. This unique capability of the new SMCDA tool contributes to its better integration in various water resources management activities The sensitivity analysis (Fig. 17) indicates also the significant impact of the decision rules on site suitability mapping. The first map of Fig. 17(a) indicates the best solution of site suitability. This represent the most optimistic decision strategy (at least a few criteria should satisfy) of the decision maker. In this case, almost the entire feasible area (10.8% of the total area) falls into the category "very good." When increasing the value of a (or reducing the risk), the number of suitable areas which are categorized as "very good" is reduced. The last map (Fig. 17d) shows the worst-case scenario when the decision rules are considered. In this case (almost all criteria should satisfy), no place is categorized as being "very good," but 9.7% of the total area is categorized as being "bad." From the four alternative maps presented in Fig. 17 together with the map presented in Fig. 16 , one may notice that the fuzzy quantifier based on OWA approach is able to simulate a wide range of decision maker's preferences regarding MAR implementation.
Conclusions and recommendations
This paper mainly demonstrates the new suggested GIS based spatial multi-criteria decision analysis software tool for the site ranking to implement MAR projects. Site selection analysis involves a number of criteria, alternatives and decision factors, resulting in a complex decision environment. With this new tool, the decision steps are explicitly given to the user according to the overall analysis procedure in order to tackle an unstructured problem. Standard criteria and decision rules are offered to the user in order to reduce the analysis efforts and the risk of ignoring relevant decision criteria. The considered hierarchical framework of AHP promotes clear thinking and better understanding of the problem together with reducing errors in importance judgment. Pair-wise comparison permits the checking of consistency to the user's input weight. Decision makers are able to obtain a wide range of decision strategies and scenarios by changing linguistic quantifiers, in the incorporated OWA method (Yager, 1988) . In order to show the efficiency of the tool, a case study has been performed in Querença Silves Aquifer, Portugal. Provided default criteria, explicit decision steps, and flexibility in varying criteria standardization and overlay, are found to be very beneficial.
According to the analysis results from the case study, there are just few areas, 11.2% of the total aquifer, where the implementation of infiltration ponds would be feasible. Non-adequate surface characteristics cause further restrictions for MAR implementation. On the contrary, the underground characteristics, studied for the feasible areas, are adequate for the MAR implementation by means of infiltration technologies. The overall suitability maps, in both methods, suggest installing the infiltration ponds in Zone 4. The high suitability areas are characterized by adequate unsaturated zone thickness, which is very important for water quality improvement. The groundwater quality is also moderate. In order to obtain more locations for infiltration ponds, better analysis of restrictions with regards to land use and soil type is recommended. Decisions with regards to the selection of optimal locations for the installation of water recovery wells and groundwater protection should be supported by groundwater flow and transport modeling, while checking the actual flow path of the infiltrated water and the impact of water pollution sources. Besides this, some other insitu parameters, such as soil salinity, organic carbon content, and sediment chemistry can be studied further in order to rank the alternatives according to the potential of further water quality improvement. Some socio-economic criteria, recharge and recovery water transportation cost, cost of excavation, etc. can be taken into consideration for further study. Above all, the local agency can verify the analysis result while implementing MAR on the test site.
The SMCDA tool can be further developed to support more decision analysis techniques for the end user. In the future, a number of standardization functions (e.g., concave, convex, sigmoidal functions etc), weighting methods (such as ranking method, rating method etc.), and overlay methods (e.g., fuzzy additive weighting method, composite programming etc,), will be added to the existing SMCDA tool. The new spatial multicriteria analysis tool, due to its non-site specific, adaptive and comprehensive concept may serve as a complementary element for any GIS based Water Resources Management support system. By altering the input criteria and using the relevant dataset and decision rules, this spatial multicriteria analysis tool can be applied to a wide range of disciplines, such as groundwater vulnerability assessment, land use planning, site selection for waste disposal etc. Multi-objective decision analysis techniques can be added to this tool easily. The tool has been already implemented in the Gabardine DSS, a comprehensive GIS based decision support tool for MAR planning and management (Rusteberg et al., 2008) .
